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Measurements have been made on the  f r e e  posi t ron annihi la t ion 

mean l i f e ,  T ~ ,  i n  H2, D2, He, N2, 02, Ne, A r ,  and Xe i n  l i q u i d  and/or 

s o l i d  s t a t e s .  To a fair approximation, the  observed mean l i v e s  may 

be represented by the equation 

T (nsec) = 0.31 + O . l 5 ~ l O - ~  Ei /p 

ionizat ion po ten t i a l  i n  eV, and p 
e 

2 where Ei is  the  first electron 
1 e' 

is  t h e  number of outermost e lectrons 

per  un i t  "atomic volume1' 

constant, z is l i n e a r l y  
1 

7 is independent of t he  
1 

a 3.  I n  the H2 and 
0 

-I dependent on p . 
ortho-para r a t i o  of 

e 

D2 isotopes where E i s  

It w a s  a l s o  found t h a t  

t he  l i q u i d  H a t  20.4 K. 
2 

i 

0 
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1NTRC)XJCTION 

In  a previous report1 it w a s  shown t h a t  t h e  observed f r e e  posi t ion 

annihi la t ion mean l i f e ,  zl, has a l i nea r  dependence on the  r a t i o  of t h e  

f i rs t  electron ionizat ion poten t ia l  t o  t h e  outermost e lectron density, 

E i /pe ,  f o r  l i qu id  H2, N E ,  and 02. 

observed z 

re lat ionship.  

t he  values of T~ i n  r a re  and diatomic gases, the  measurements were ex- 

tended t o  other  rare gases. This paper presents t h e  r e s u l t s  of a 

fu r the r  invest igat ion concerning the dependence of z1 i n  condensed 

elementary gases on Ei and pe. 

It w a s  noted, however, t h a t  the  

i n  l i qu id  He i s  30% larger  than the  value expected from t h i s  1 
I n  an e f f o r t  t o  look f o r  a consistent re la t ionship  among 

When positrons a r e  used t o  study the e lec t ronic  s t ruc ture  of 

so l ids ,  it must be remembered t h a t  t he  presence of posi t rons i n  the  s o l i d  

a f f e c t s  t h e  e lec t ronic  configuration. On the  other  hand, t h e  positrons 

would cause the  same perturbation i n  each member of a p a i r  of isotopes. 

The use of H2 and DE made possible an examination of t h e  dependence of 

7 

H of  d i f fe ren t  ortho-para r a t i o s  a t  constant temperature. 

on pe a t  constant E , Measurements were a l so  made on the T i n  l i qu id  1 i 1 

2 
APPARATUS 

"Research Grade'' gaseous D2, 02, Ar, and Ne purchased from the  

Matheson Co . were l iquef ied  and/or so l id i f i ed  i n  a 1; i n .  diameter by 

5-in. evacuated s t a in l e s s - s t ee l  chamber submerged i n  a cryogenic l i qu id  

bath of appropriate temperature Gaseous Xe, a l so  of "Research Grade", 

w a s  so l id i f i ed  i n  a 1/2-in0 diameter by 2-in. chamber submerged i n  a 

l i q u i d  nitrogen bath,  A small quantity of i so topica l ly  pure NaZ2 w a s  
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sandwiched between 0.0001-in.-thick rubber-hydrochloride fi lms, sup- 

ported by an aluminum frame, and r ad ia l ly  centered i n  each chamber. 

The delayed-coincidence apparatus used i n  I w a s  fu r the r  improved 

by the  addi t ion of aux i l i a ry  electronics .  

s i t a t e d  a 2-in. separation between t h e  posi t ron source and the  f ron t  

surface of each detector .  

was taken from the  t en th  dynode of each 56AVP photomultiplier tube and 

routed t o  an amplifier-discriminator system, One slow discriminator 

was  s e t  t o  accept t h e  upper 40% of the  nuclear gamma ray  Compton spectrum, 

while another discriminator was se t  with a window t o  accept t he  upper 30% 

of t h e  posi t ron snnih i la t ion  gamma ray Compton spectrum. 

anode pulse from each photomultiplier tube w a s  l imi ted  by a tunnel diode 

(lN2939) and used t o  t r i g g e r  a tunnel diode univibrator .  

pulse  w a s  used t o  t u r n  o f f  an N F ”  t r a n s i t o r  (2N797) t h a t  w a s  normally i n  

sa tura t ion .  The fast square posi t ive pulses thus produced were sent t o  

a time-to-pulse height convertef (hereaf ter  re fer red  t o  as TPHC) of 

The dewar system neces- 

A slow s igna l  f o r  energy discrimination 

The fast 

The univibrator  

h 

Simms’ design,‘ 

analyzer f o r  gat ing and storage.  

i n  p r inc ip l e  t o  t h a t  described by S c h w a r ~ c h i l d , ~  i n  t h a t  it provided t h e  

necessary energy discrimination and reduced t h e  e f f e c t  of pulse p i leup , .  

I n  addi t ion,  it reduced t h e  chance-coincidence r a t e  by a f a c t o r  of two. 

The TPHC output was sent  t o  a 400-channel pulse  height 

The gating system used w a s  similar 

The time ca l ibra t ion  of t he  TPHC was performed with various lengths 

of RG71/U cable, 

a range of approximately 100 nsec. 

The i n t e g r a l  l i n e a r i t y  of t h e  converter was  good over 

I t s  d i f f e r e n t i a l  l i n e a r i t y  was f 10% 
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i n  the  worst region. The d i f f e ren t i a l  l i n e a r i t y  w a s  examined with a 

pulse generator i n  conjunction with a sampling scope t o  generate a prompt 

and time-swept s ignal ,  respectively,  f o r  t he  t r i g g e r  c i r c u i t s ,  To assure 

t h a t  t he  poor d i f f e r e n t i a l  l i n e a r i t y  was not caused by the  sampling scope 

c i rcu i t ry ,  various lengths of RC71/U cable were inser ted  between t h e  

t r i gge r s  and the  converter. 

observed, It is  f e l t  t ha t ,  f o r  subnanosecond mean-life measurements, 

not only the  in t eg ra l  l i n e a r i t y  but t h e  d i f f e r e n t i a l  l i n e a r i t y  of t h e  TF"C 

must be known before one can be confident of t he  r e su l t s .  It w a s  possible  

No change i n  t h e  d i f f e r e n t i a l  l i n e a r i t y  w a s  

t o  choose a port ion of t h e  converter t h a t  has a 2 %  d i f f e r e n t i a l  l i n e a r i t y ,  

For positrons annihi la t ing i n  aluminum, t h e  delayed coincidence system 

showed a f u l l  width a t  half  maximum of 0-9 nsec and a mean l i f e  of 0.26 nsec., 

By t h e  generation of t i m e  spectra  of various mean-life values with a 

measured prompt time spectrum with Co6', it was found t h a t  any mean l i f e  

t h a t  i s  0.35 nsec or longer can be deduced accurately from t h e  slope of t he  

logarithmic count r a t e  vs t i m e  delay p lo t .  

FZSULTS AND DISCUSSION 

I n  Table I a re  summarized t h e  r e su l t s  of a l l  t he  T measurements made 1 
on four  diatomic and four  rare gases i n  l i q u i d  and/or s o l i d  s ta tes .  The 

values of T1 i n  H2, N2,  and 02, which have been reported i n  I, were re- 

produced with the  present instrumentation t o  within t h e  indicated e q e r i -  

mental e r rors ,  They a r e  repeated here f o r  completeness, s ince it i s  

intended t h a t  t he  consistency among the  values of ' G ~  i n  a11 these condensed 

gases be  discussed. 
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t he  values of pe, the outermost e lectron density, i n  these sub- 

stances are given as the  number of electrons per  un i t  "atomic volume", 

which is  a. , where a is  the  Bohr radius,  A word should be added about 

t he  outermost e lectrons per  atom as interpreted f o r  t h e  present purpose, 

3 
0 

The s s t a t e  e lectrons a re  more strongly bound t o  the  atom because they 

penetrate  more closely t o  the  nucleus than do the corresponding p s t a t e  

e lectrons of t h e  same pr inc ipa l  quantum number. For example, x-ray 

spectra  of Ar show an energy difference of 24 eV between MI and the 

(MII,MIII) doublets,* It i s  reasonable t o  assume t h a t  the  s s t a t e  

e lectrons a r e  p a r t  of t he  core electrons and the  annihi la t ion process 

involves pr inc ipa l ly  t h e  outermost p state electrons,  In  the  calculat ion 

of p , therefore,  the  number of electrons per  atom were taken as follows: 

1 f o r  H2 and D2, 2 f o r  He, 3 f o r  N2, 4 f o r  02, and 6 f o r  A r ,  N e ,  and X e ,  

e 

The p lo t  of T vs pe-' i n  Fig. 1 is of i n t e re s t ,  although a quantita- 1 
t i v e  correlat ion is  not expected since t h e  values of p estimated by 

smearing the  outermost e lectrons over t he  molar volume, do not describe 

e' 

adequately t h e  ac tua l  e lectron density and the  po ten t i a l  experienced 

by the posi t ron,  This i s  evident by the  observed z i n  l i qu id  He, which 

is  twice t h a t  expected i f  a consistency e x i s t s  among t h e  values of mean 

l i f e  i n  a l l  condensed gases, Moreover, t he  values of T i n  l i qu id  O2 and 

s o l i d  Ne, Ar, and Xe a r e  approximately constant, although the values of p e 

f o r  f,hese substances d i f f e r  qui te  considerably. On t h e  other hand, the  values 

for T~ i n  l i qu id  and s o l i d  H2 and D2 f a l l  on a s t r a igh t  l ine .  

cates  t h a t  f o r  an isotopic  pa i r ,  where the  in te rac t ion  between the  posi t ron 

1 

1 

This ind i -  
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and each member of t h e  p a i r  i s  e s sen t i a l ly  t h e  same, Z depends l i n e a r l y  1 
-1 

on pe 

and NZ, which have e s sen t i a l ly  the  same f i r s t  e lectron ionizat ion po ten t i a l  

Ei, 

from t h e  hydrogen isotopes data. 

i n  addi t ion t o  being a function of pe, i s  dependent on Eia 

. Furthermore, it is  seen that  t he  values of Z i n  t he  elements Ar 1 

as the  molecular H2 and D2 (Table I),  a l s o  f a l l  on the  l i n e  extrapolated 

These experimental f a c t s  imply t h a t  T1, 

For obvious physical reasons, the  positron-electron in te rac t ion ,  

whether it causes e lec t ronic  polar izat ion o r  r e s u l t s  i n  e lectron capture, 

should depend on how t i g h t l y  the  electrons a r e  bound t o  t h e  atom o r  molecule. 

Fig,  2 shows a tes t  of t he  'cl dependence on qi/pe. A good f i t  e x i s t s  

only among the  values of 2 i n  t he  diatomic gases and A r e  This  cor re la t ion  

had been reported e a r l i e r  i n  I when we had only the  r e s u l t s  of l i q u i d  

1 

HZI N2, and 02. 

t i o n  of 02, a l l  have near ly  t h e  same Ei and thus should f a l l  on a s t r a i g h t  

The f i t  is  probably fo r tu i tous  because, with the excep- 

-1 l i n e  as i n  Fig. 1, where z is plot ted against  pe 1 

Fig,  3 shows t h e  t e s t  of z vs Ei 2 /pe. The l i n e  drawn is  the  r e s u l t  
1 

of a least-square f i t  of a l l  t h e  data points .  It is  seen t h a t  t o  a f a i r  

approximation the  mean l i f e  may be expressed by t h e  equation of t h i s  l i n e :  

(nsec)  = 0.31 + 0.15X10'4 Ei /p 
1 e 

The in te rcept  a t  t h e  T~ axis ,  where E .  is  zero, has a value of 0,31 nsec. 

T h i s  value may be thought of as the  positron mean l i f e  i n  a plasma i n  which 

t h e  electrons a r e  not bound, so that no work is  required of t he  posi t ron t o  

2 z 

1 

capture an electron.  

observed i n  a l k a l i  metals 

It agrees wel l  with the average of t h e  mean-life valxes 

where t h e  conduction electrons may be approximated 5 
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a s  a f r e e  e lec t ron  gas. 

The values of z i n  l i q u i d  H 
1 2 

of various ortho-para r a t i o s  were a l s o  

S t a r t i n g  with t h e  75/25 ortho-para percent-rat io  l i q u i d  a t  measured, 

20.4° K, z 

temperature, 

was measured as a function of time f o r  135 hours a t  constant 

It w a s  found t h a t ,  within t h e  experimental e r r o r  limits of 
1 

* 5$3 t h e  values of  mean l i f e  i n  l i qu id  H of various ortho-para percent 
2 

r a t i o s ,  i n  t h e  range from 75/25 t o  35/65, 

t h a t  observed f o r  t h e  99% para-H l iquid,  
2 

are constant and the  same as 

which w a s  c a t a l y t i c a l l y  l i que f i ed  

and aged a t  20.4- K, 
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Table I. Free Positron Annihilation Mean Life  i n  Condensed 

Diatomic and Rare Gases. 

a Liquid H2 20.4 0-92 f 0.04 15,6 

Solid H2 13 0.80 f 0.03 a 15.6 

Liquid D2 20.4 0083 f 0.03 15 06 

Solid D2 13 0.74 f 0.03 15.6 

24.5 Liquid H e  4.2 1.90 f 0.06 

Liquid N2 77.3 0.56 f 0-02 a 15.5 

Solid N2 62 0.48 5 0.02 a 15.5 

Liquid 02 90.1 0.45 f 0-02 a 12.5 

Solid O2 4.2 0.38 f 0.02 12  .5 

Sol id  Ne 20.4 0.43 f 0.03 21.5 

a 

6,29 

7.53 

7 *49 

8.86 

5.57 

15-5 

18,7 

25.5 

34 .3 

38.9 

3.87 

3.23 

3 -24 

2 ‘75 

10 e 75 

1-55 

1 .28 

0.61 

0.46 

1.19 

Liquid A r  86 0.50 f 0,02 15-7 19  -0 1.30 

Solid A r  77.3 0.43 f 0.03 15.7 22 01 1.11 

Sol id  Xe 77.3 0.40 5 0.03 12.1 14 09 0.98 

Values had been reported i n  I and were present ly  reproduced t o  a 

within t h e  indicated experimental e r rors .  

bValues a r e  taken from the  Handbook of Chemistry and Physics, edited by - 
Charles D. Hodgman (The ChemicalTubber Publishing Co . , Cleveland, 
Ohio, 1962), 44th ed. 

‘See t e x t  f o r  explanat ion. 
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FIGURE CAPTIONS 

Fig. 1. A t e s t  of t he  Z 

l i n e  is  drawn t o  show the  agreement among materials t h a t  have 

i n  condensed elementary gases vs p -lo The 
1 e 

essent ia l ly  the  same Ei. 

Fig. 2.  A t e s t  of the  Z 

bes t  f i t  f o r  t he  diamond points only. 

Fig. 3. A t e s t  of the  Z 

least-square f i t  through a l l  data points. 

dependence on Ei/p . The l i n e  drawn is a 
1 e 

dependence on Ei2/p . The l i n e  drawn i s  a 
1 e 
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